Abstract: This article presents a regeneration method of a sodium hydroxide (NaOH) solution from a biogas upgrading unit through calcium carbonate (CaCO 3 ) precipitation as a valuable by-product, as an alternative to the elevated energy consumption employed via the physical regeneration process. The purpose of this work was to study the main parameters that may affect NaOH regeneration using an aqueous sodium carbonate (Na 2 CO 3 ) solution and calcium hydroxide (Ca(OH) 2 ) as reactive agent for regeneration and carbonate slurry production, in order to outperform the regeneration efficiencies reported in earlier works. Moreover, Raman spectroscopy and Scanning Electron Microscopy (SEM) were employed to characterize the solid obtained. The studied parameters were reaction time, reaction temperature, and molar ratio between Ca(OH) 2 and Na 2 CO 3 . In addition, the influence of small quantities of NaOH at the beginning of the precipitation process was studied. The results indicate that regeneration efficiencies between 53%-97% can be obtained varying the main parameters mentioned above, and also both Raman spectroscopy and SEM images reveal the formation of a carbonate phase in the obtained solid. These results confirmed the technical feasibility of this biogas upgrading process through CaCO 3 production.
2NaOH/KOH(aq) + CO 2 (g) → +Na 2 CO 3 /K 2 CO 3 + H 2 O
(1)
An alternative path for CO 2 utilization that avoids the energy penalty in the regeneration stage of the solvent would be the synthesis and separation of chemicals based on calcium (Ca + ) by the precipitation processes into the solvent solution, as for example in Ca(OH) 2 or residues with high Ca + content. This alternative is very attractive from an economic point of view in order to drastically reduce costs of CO 2 capture and valorize CO 2 as a commercial by-product. An interesting by-product to be taken into account when alkaline hydroxides are used as solvents is CaCO 3 . CaCO 3 can be produced through chemical reaction with Ca(OH) 2 and precipitated as a solid [33] , according to the next reaction: Na 2 CO 3 /K 2 CO 3 (aq) + Ca(OH) 2 (s) → 2NaOH/KOH(aq) + CaCO 3 (s)
The type of CaCO 3 obtained as a by-product is called Precipitated Calcium Carbonate (PCC). PCC is consumed in huge quantities and in variated applications for different industrial sectors, such as a filler for plastic materials, paper, foods, printing ink and medical necessities [36] . This synergy process between biogas upgrading, CO 2 capture and PCC production is shown in Figure 1 .
This process is much less energy intensive than physical regeneration previously studied by various authors [35, 37, 38] , making the process economically attractive. Many researches focused on the carbonation of residues for storing CO 2 , as for instance steel slags [39] , air pollution control residues [32, 33] , argon oxygen decarburization slags [23] , incineration bottom ash [40] or basic oxygen furnace slags [41] . Baciocchi et al. [32, 33] proposed an application of the process above explained using both NaOH and KOH as solvents, and Air Pollution Control residues as Ca + sources, focusing on the amount of CO 2 that could be definitely stored by this residues [32, 42] . However, their results showed a non-valuable by-product from a commercial point of view and solvent regeneration efficiencies from 50% to 60% due to the employment of the residues. Therefore, the purpose of this work was to study the main parameters that may affect NaOH regeneration using an aqueous Na 2 CO 3 solution and Ca(OH) 2 as a reactive for regeneration and carbonate slurry production, in order to achieve better regeneration efficiencies than previous works and obtaining PCC as a valuable by-product. With this, Processes 2018, 6, 205 3 of 12 the foundations for future works are laid, in which valuable by-products would be obtained that would allow to achieve a more economical and sustainable process for carbon capture and utilization.
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Materials and Methods

Materials
Chemical compounds used in the experiments (Ca(OH) 2 , Na 2 CO 3 , CaCO 3 , NaOH) were provided by PanReac-AppliChem (Barcelona, Spain) (pure-grade or pharma-grade, 99% purity).
Regeneration Experiments
In general, the regeneration experiments were carried out following the methodology exposed below, which will be explained in greater depth later. First, the solutions of the reactants were prepared, at the same time that the instruments needed for the precipitation reaction were tuned. After these steps, the reaction was produced, which, once finished, was filtered and separated quickly for analyzing. The main parameters considered for results were NaOH regeneration efficiency and carbonate phase reached. The three most important variables studied in these experiments were the reaction time, the reaction temperature and the molar ratio between Ca(OH) 2 and Na 2 CO 3 , which according to previous works may have a considerable effect on the regeneration efficiency of the process [32, 33] . The matrix of experiments carried out can be found in Table 1 . In order to study how each parameter affects by itself, a standard value was set for each of them, according to the bibliography for similar studies [31] [32] [33] 35] , and later they were varied one by one. The standard value for temperature reaction was set at 50 • C, molar ratio at 1.2 mol Ca/Na 2 CO 3 and reaction time at 30 min. Furthermore, the influence of an initial addition of NaOH in the Na 2 CO 3 solution was tested, in order to analyze the effect on NaOH regeneration.
Lab scale batch precipitation experiments were carried out in a 600 mL beaker placed in a water bath to control temperature tests. The value of the pH gives some clues of the compounds that may be present in the solution. Therefore, to check that the NaOH regeneration reaction had the desired effect, the pH was measured and checked to be in the range 12-14, which is characteristic for hydroxides solutions [31] . During each whole experiment time, the solutions were stirred by an electromagnetic magnet at a constant speed of 1000 rpm. For temperature and pH measuremsent, a thermometer and a pH-meter by Trison Instrument (BANDELIN electronic GmbH & Co. KG, Berlin, Germany) were employed. Measures were continually carried out and recorded in a data logger. Reproducibility checks were conducted resulting in an overall experimental error of ±2% for the regeneration efficiency calculations. The first steps of the procedures followed were to prepare both Processes 2018, 6, 205 4 of 12 Na 2 CO 3 and Ca(OH) 2 solutions. In the case of Na 2 CO 3 , the aqueous solution was set at 20 g/100 mL according to the basis typical values expected after the absorption step [21, 28] , while the concentration of the Ca(OH) 2 solution was stoichiometrically calculated for each test, as will be explained later. At the beginning of each experiment, a 200 mL distilled water slurry of Ca(OH) 2 was poured into the beaker placed. After 15 min, 200 mL of Na 2 CO 3 aqueous solution was added to start the reaction time. At the end of each experiment, the solution was vacuum filtered immediately and 50 mL sample was taken to determine the concentration of NaOH by inductively coupled plasma atomic emission spectroscopy. The solid obtained by filtration was dried at 105 • C to ensure a carbonate phase which was characterized by means of Scanning Electron Microscopy (SEM) and Raman spectroscopy. Raman measurements of the powders samples were recorded using a Thermo DXR2 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a Leica DMLM microscope (Thermo Fisher Scientific, Waltham, MA, USA). The wavelength of applied excitation line was 532 nm ion laser and 50× objective of 8-mm optical was used to focus the depolarized laser beam on a sport of about 3 µm in diameter.
A JEOL JSM6400 (JEOL Ltd., Tokyo, Japan) operated at 20 KV equipped with energy dispersive X-ray spectroscopy (EDX) and a wavelength dispersive X-ray spectroscopy (WDS) systems was used for the microstructural/chemical characterization (SEM with EDS and WDS). 
Results
This section reports the experimental results of the different tests carried out. The results of NaOH regeneration efficiency are presented, with reference to every parameter studied. NaOH regeneration efficiency is defined has follow: NaOH regeneration efficiency(%) = NaOH regenerated Maximum NaOH to regenerate × 100
As it has been set previously, NaOH regenerated was determined by inductively coupled plasma atomic emission spectroscopy, while the maximum NaOH to be regenerated can be easily stochiometrically calculated from the concentration of the Na 2 CO 3 initial solution.
Then, some Raman spectroscopies of PCC are shown to demonstrate the carbonate phase reached, which are accompanied by some SEM images that contribute to verify the results predicted by Raman.
NaOH Regeneration
Figures 2-4 show the regeneration efficiency curves of the filtered solutions resulting from regeneration experiments carried out with Ca(OH) 2 at different reaction times, temperatures and molar ratios, respectively. NaOH regeneration efficiency (%) = NaOH regenerated Maximum NaOH to regenerate × 100
As it has been set previously, NaOH regenerated was determined by inductively coupled plasma atomic emission spectroscopy, while the maximum NaOH to be regenerated can be easily stochiometrically calculated from the concentration of the Na2CO3 initial solution.
Figures 2-4 show the regeneration efficiency curves of the filtered solutions resulting from regeneration experiments carried out with Ca(OH)2 at different reaction times, temperatures and molar ratios, respectively. 3.1.1. Reaction Time Effect Figure 2 shows the effect of the reaction time in the regeneration phenomenon. As depicted in the plot, NaOH regeneration efficiency varies from 53% to 83% approximately from 5 min to 30 min of reaction time, and later, the slope of the curve changes drastically, passing through 91% regeneration efficiency at 60 min, until achieving a 95% of NaOH regeneration at 120 min. This means, in fact, that in a hypothetical real reactor, a duplication of its volume will be necessary to achieve an increase of 4% approximately (from 30 min to 60 min). As can be seen, from 60 min to 120 min, less than 0.001 mol NaOH is regenerated per minute. Thus, to operate at 120 min residence time is not worthy from a plant design point of view. The intersection of the two curves (regeneration rate and regeneration efficiency) indicates an interesting and very likely optimum operational point where a fair balance between both tendencies can be reached.
Temperature Influence
As for the temperature influence, Figure 3 shows the effect of different temperatures in the regeneration studies. Temperature effect reflects a linear trend showcasing a direct correlation between NaOH regeneration efficiency and process temperature. Indeed, in the best case scenario (at 3.1.1. Reaction Time Effect Figure 2 shows the effect of the reaction time in the regeneration phenomenon. As depicted in the plot, NaOH regeneration efficiency varies from 53% to 83% approximately from 5 min to 30 min of reaction time, and later, the slope of the curve changes drastically, passing through 91% regeneration efficiency at 60 min, until achieving a 95% of NaOH regeneration at 120 min. This means, in fact, that in a hypothetical real reactor, a duplication of its volume will be necessary to achieve an increase of 4% approximately (from 30 min to 60 min). As can be seen, from 60 min to 120 min, less than 0.001 mol NaOH is regenerated per minute. Thus, to operate at 120 min residence time is not worthy from a plant design point of view. The intersection of the two curves (regeneration rate and regeneration efficiency) indicates an interesting and very likely optimum operational point where a fair balance between both tendencies can be reached. 
As for the temperature influence, Figure 3 shows the effect of different temperatures in the regeneration studies. Temperature effect reflects a linear trend showcasing a direct correlation between NaOH regeneration efficiency and process temperature. Indeed, in the best case scenario (at 70 • C) it can reach 97% of NaOH regeneration efficiency. Normalizing the regeneration capacity by the incremental temperature (empty symbols in the Figure) maximum is obtained at around 50 • C which somehow indicates that the increment in temperature has a stronger impact on the regeneration efficiency in the low-medium temperature range. This is an important result to be highlighted from an energy consumption perspective, as a temperature of 50 • C could be easily achieved through low-cost and/or renewable energy sources such as solar. 
Molar Ratio Influence
Molar ratio inlet carbonate/precipitant agent is another important parameter to consider in the regeneration process. As can be seen in Figure 4 , NaOH regeneration efficiency is favored by an increase of the molar ratio. Nevertheless, this increase of molar ratio promotes a higher quantity of Ca 2+ ions that should be removed before recirculating the absorbent to the absorption tower in order to prevent accumulation of Ca(OH) 2 which eventually may lead to fouling phenomenon in the tower. In parallel, as can be observed in Figure 4 , NaOH mol regeneration per mol of Ca(OH) 2 introduced decreases upon increasing the molar ratio above a threshold value of R = 1.1. This value set an optimum operational point beyond which no further benefits are envisaged from the process point of view.
Effect of NaOH Spark in the Regeneration Efficiency
The addition of small quantities of NaOH at the beginning of the precipitation process may promote the recovery of NaOH (initially entering the precipitation reactor in the form of Na 2 CO 3 ). Also, it should be taken into account that, in a real industrial plant, 100% conversion from NaOH to Na 2 CO 3 would hardly be reached in the absorption stage. In this sense, small amounts of NaOH as "sparking species" were added to investigate its effect on the process. The impact exerted by the addition of an initial concentration of NaOH (1 M) in the Na 2 CO 3 solution in terms of NaOH regeneration efficiency is reported in Figure 5 . Analyzing this Figure, it may be noted that the NaOH regeneration was slower than the results obtained without an initial NaOH concentration. It seems that the presence of alkaline compounds do not benefit the regeneration process-a fact that can be related to the poorer solubility of Ca(OH) 2 due to the ion common effect as previously observed elsewhere [32, 36, 43] . increase of the molar ratio. Nevertheless, this increase of molar ratio promotes a higher quantity of Ca 2+ ions that should be removed before recirculating the absorbent to the absorption tower in order to prevent accumulation of Ca(OH)2 which eventually may lead to fouling phenomenon in the tower. In parallel, as can be observed in Figure 4 , NaOH mol regeneration per mol of Ca(OH)2 introduced decreases upon increasing the molar ratio above a threshold value of R = 1.1. This value set an optimum operational point beyond which no further benefits are envisaged from the process point of view.
The addition of small quantities of NaOH at the beginning of the precipitation process may promote the recovery of NaOH (initially entering the precipitation reactor in the form of Na2CO3). Also, it should be taken into account that, in a real industrial plant, 100% conversion from NaOH to Na2CO3 would hardly be reached in the absorption stage. In this sense, small amounts of NaOH as "sparking species" were added to investigate its effect on the process. The impact exerted by the addition of an initial concentration of NaOH (1 M) in the Na2CO3 solution in terms of NaOH regeneration efficiency is reported in Figure 5 . Analyzing this Figure, it may be noted that the NaOH regeneration was slower than the results obtained without an initial NaOH concentration. It seems that the presence of alkaline compounds do not benefit the regeneration process-a fact that can be related to the poorer solubility of Ca(OH)2 due to the ion common effect as previously observed elsewhere [32, 36, 43] . 
Physicochemical Characterization of the PCC
Aiming to determine the purity of the carbonates obtained during the recovery process, a combined Raman-SEM study was conducted on selected samples. Figure 6 shows the Raman spectra of the recovered carbonated after 30 min of reaction at 50 °C using a R = 1.2 in comparison with standards samples of pure CaCO3 and pure Ca(OH)2. CaCO3 typically presents a monoclinic structure belonging to the P21/c group [44] . The main characteristic band of CaCO3 polymorphs is a strong and narrow feature which appears at around 1100 cm −1 . Also, another band ca. 700 cm −1 is typically ascribed to this type of structure [44] . As can be seen, these two peaks are presented in PCC spectra, 
Aiming to determine the purity of the carbonates obtained during the recovery process, a combined Raman-SEM study was conducted on selected samples. Figure 6 shows the Raman spectra of the recovered carbonated after 30 min of reaction at 50 • C using a R = 1.2 in comparison with standards samples of pure CaCO 3 and pure Ca(OH) 2 . CaCO 3 typically presents a monoclinic structure belonging to the P21/c group [44] . The main characteristic band of CaCO 3 polymorphs is a strong and narrow feature which appears at around 1100 cm −1 . Also, another band ca. 700 cm −1 is typically ascribed to this type of structure [44] . As can be seen, these two peaks are presented in PCC spectra, confirming the successful precipitation process. In fact, the spectrum of our PCC sample resembles that of the CaCO 3 standard as shown in Figure 6 . Nevertheless, it must be highlighted that a certain amount of Ca(OH) 2 remains present in our solid sample as intended by the Raman vibration mode at ca. 400 cm −1 which matches well with the most intense band on the Ca(OH) 2 standard. In fact, these data correlate well with the regeneration efficiency data discussed above where 100% regeneration is never reached. In this sense, Raman experiments indicate that despite the fact that the regeneration process is highly effective, there is still some room for further improvements. Scanning Electron Microscopy images are useful to gain further insights on the samples structures. Selected SEM images of different sections of the sample studied by Raman are presented in Figure 7 . SEM images again confirmed the presence of CaCO 3 with the typical morphology of calcite as previously observed by Altiner et al. [45] . In the case of SEM, it is hard to distinguish between CaCO 3 and Ca(OH) 2 -especially when the amount of Ca(OH) 2 is just a minor contribution in the overall sample composition. In general terms, our SEM study confirms that the successful carbonate precipitation is in good agreement with the regeneration efficiency studies and the Raman results. 
Conclusions
The results obtained from this lab scale work have confirmed the technical feasibility of this biogas upgrading process through PCC production. In general, the majority of the tests have shown better regeneration efficiencies than previous studies identified in the first section of this work (53%-97% vs. 50%-60%) [32, 33] . The multiple reaction parameters have a different impact on the overall process performance. For instance, it was identified that the ideal reaction time would be around 30-60 min for T = 50 • C and R = 1.2, leading to compact reactor units. As for the temperature effect, a maximum NaOH mol regenerated per grade is reached at 50 • C for t = 30 min and R = 1.2; this would be an advisable value for a real process since it could be reached easily through the employment of a renewable energy source. The molar ratio Ca(OH) 2 /Na 2 CO 3 also influences the process, 1.1 being an ideal ratio to be implemented for realistic operations, for t = 30 min and T = 50 • C. This result has been chosen taking into account the maximum in the curve of NaOH mol regeneration per mol of Ca(OH) 2 . The presence of small quantities of NaOH do not benefit the regeneration process and in fact it produces a decrease in the regeneration efficiency due to the ion common effect; this would suggest an effort to get the maximum percentage of NaOH conversion to Na 2 CO 3 in the absorption stage.
Raman and SEM studies confirm the large majority presence of CaCO 3 on the recovered material. Interestingly, although the obtained solid is mainly composed by calcite type CaCO 3 , some traces of Ca(OH) 2 are still present. This opens some room for further research to improve the regeneration process. 
Funding:
This work was supported by University of Seville through its V PPIT-US. Financial support for this work was also provided by the EPSRC grant EP/R512904/1 as well as the Royal Society Research Grant RSGR1180353. This work was also partially sponsored by the CO2Chem UK through the EPSRC grant EP/P026435/1.
Conflicts of Interest:
The authors declare no conflict of interest.
